A prospective cohort study of digital cushion and corium thickness. Part 2: Does thinning of the digital cushion and corium lead to lameness and claw horn disruption lesions?
INTRODUCTION
Lameness from claw horn disruption lesions (CHDL) continues to be a profound economic and a severe welfare issue in developed dairy systems (Barker et al., 2007; Cha et al., 2010; Foditsch et al., 2016) . The disease process behind CHDL is not fully understood, but lesions are thought to occur in the claw capsule as a result of excessive forces on the germinal epithelium that produces the horn, causing contusions, hemorrhage, interruption to cell proliferation, epidermal differentiation and cornification, and in severe cases, complete failure of horn production, which manifests as ulceration (van Amstel and Shearer, 2006; Nuss, 2014) . The forces on the germinal epithelium are exerted by the distal phalanx during foot strike and standing; therefore, the suspensory and supportive structures that determine the position of the distal phalanx within the hoof capsule appear to be pertinent in claw horn disruption.
A syndrome often termed subclinical laminitis has long been suggested to weaken the suspensory appa-A prospective cohort study of digital cushion and corium thickness. Part 2: Does thinning of the digital cushion and corium lead to lameness and claw horn disruption lesions? ratus, occurring through endotoxin release secondary to SARA and a systemic inflammatory response, causing the distal phalanx to sit lower in the hoof capsule, allowing greater forces to be transferred through the sole of the foot, and predisposing CHDL. This causality has yet to be proven in relation to CHDL, and laxity of the suspensory apparatus appears to largely be superseded by mechanisms other than this classical laminitis theory (Danscher et al., 2010) . For example, physiological changes around calving appear to influence the integrity of the suspensory apparatus and predispose CHDL, likely being mediated through matrix metalloproteinase activation with hormonal changes around calving (Tarlton et al., 2002; Knott et al., 2007; . This suggests that integrity of the suspensory apparatus in the development of CHDL appears to be important, yet not fully understood.
In addition to the suspensory apparatus, the supportive apparatus also determines the position of the distal phalanx within the hoof capsule. A key supportive structure is the digital cushion, which is a connective tissue capsule containing discrete depots of fat that sit beneath the distal phalanx (Räber et al., 2004) . Several studies have measured the combined thickness of the digital cushion and corium, collectively to be termed sole soft tissues. (Importantly, previous studies assessing the digital cushion in live cows have all measured the combined thickness of the 2 tissues, rather than measuring the digital cushion alone.) Such works have demonstrated that thin sole soft tissues increased the likelihood of a cow developing CHDL, either during the lactation (Bicalho et al., 2009; Toholj et al., 2014) , or during the subsequent lactation if measured at the point of the previous drying off (Machado et al., 2011) . Additionally, found that cows that developed sole ulcer or severe sole hemorrhage had thinner sole soft tissues, except when a sole ulcer was present on a claw, when the sole soft tissues were thicker.
Loss of body condition has been shown to precede the onset of lameness, measured by both visual detection (Lim et al., 2015; Randall et al., 2015) and lesion treatment (Green et al., 2014) . A key hypothesis surrounding this association is that fat is lost from the digital cushion during negative energy balance, causing the digital cushion to become thinner, leading to a decrease in its force-dissipating capacity (Bicalho et al., 2009; . Although minimum thickness at a single assessment point (AP) has been shown to predispose lameness or lesion incidence (Bicalho et al., 2009; Machado et al., 2011; Toholj et al., 2014) , no work has demonstrated that thinning of the sole soft tissues predisposes to lesions or lameness. The aims of this work were to determine whether change in sole soft tissue thickness, minimum previous sole soft tissue thickness, or sole soft tissue thickness at the previous AP predisposed CHDL or lameness in free-stall housed dairy cows.
MATERIALS AND METHODS

Study Design
A prospective cohort study, which was described in full by , repeatedly measured the combined thickness of the digital cushion and corium (termed sole soft tissue thickness) at 3 sites on the hind claws of dairy cows. The principal components of the study design are described here, and the null hypothesis for this analysis stated that change in sole soft tissue thickness did not increase the likelihood of either impaired locomotion or CHDL incidents.
One hundred seventy-nine Holsteins cows in 2 highproducing automatic milking system farms were studied during first, second, third, or fourth lactation, from before calving. Cows were housed year-round and farm systems are described by . Measurements were taken from cows at 5 AP, which were between approximately 8 wk before and 35 wk after calving (AP−8, AP+1, AP+9, AP+17, and AP+29, indicating the number of weeks relative to calving). At each of the 5 AP, cow data were collected as follows:
(1) BCS on a 1 to 5 scale with quarter-point intervals (Wildman et al., 1982; Edmonson et al., 1989) ; (2) an ultrasonographic measurement of back fat thickness;
(3) hind feet were lifted in turn, trimmed if overgrown, the sole surface was prepared for visualization of lesions, and a digital photograph of the base of the foot was taken and stored for lesion analysis; and (4) ultrasonographic measurements of sole soft tissue thickness were taken at 3 sites beneath the distal phalanx. The measurements were taken from the inner margin of the sole horn to the border of the distal phalanx, through and perpendicular to the sole, beneath (1) the apex of the distal phalanx, (2) the highest point of the arch on the base of the distal phalanx, and (3) beneath the flexor tuberosity . In addition to the collection of data at AP, all cows were locomotion scored every 2 wk.
Locomotion Assessment
Locomotion scoring was performed every 2 wk between calving and 35 wk postcalving, by one trained, blinded observer on each farm. The Agriculture and Horticulture Development Board Dairy 0 to 3 mobility 4761 scoring system was used, which is the UK industry standard (Thomas et al., 2015) . Cows were observed from behind during unrestricted walking in the passageways where cows were housed. Briefly, 0 = sound, with even weight-bearing on all limbs, 1 = imperfect locomotion but not identifiably lame, 2 = identifiably lame on a leg (i.e., decreased weight bearing was identifiable), and 3 = severely lame. Scores 2 and 3 were divided into 2A, 2B, 3A, and 3B to enable greater discretion between different severities of lameness, and to allow for aggregation back to fewer categories if required. Locomotion scores were leg-specific (i.e., a cow could be given a lame score on each leg; for example, 2A left hind and 2B right hind at the same locomotion scoring).
The 2 observers had been trained using this locomotion scoring system and had used the system during previous research studies ( Thomas et al., 2015 Thomas et al., , 2016 . Inter-observer tests were performed as follows: 176 cows were locomotion scored by both observers during the same passage of walking. Inter-observer repeatability tests revealed Cohen's kappa values of 0.66 (95% CI: 0.48 to 0.83) for determining whether a cow had a score of ≤2A or ≥2B (i.e., 66% of classifications were consistent between observers, in addition to expected agreement by chance alone), or 0.57 (CI: 0.40 to 0.73) for determining whether a cow had a score of ≤2A on either leg, ≥2B on the right hind leg, or ≥2B on the left hind leg. Inter-observer repeatability tests were poorer when discerning between a ≤1 (nonlame) and ≥2A (lame) score; kappa was 0.46 (CI: 0.35 to 0.58).
Claw Horn Disruption Lesion Assessment
A lesion scoring system was designed based on descriptors in the peer-reviewed literature; images of prepared feet (i.e., either after trimming if it had been required, or after the sole surface had been skimmed with a hoof knife) were scored as follows. Sole, heel, and toe ulcers were recorded; ulcer was defined as full depth penetration of the horn (Leach et al., 1997) . Sole hemorrhage, white line hemorrhage, and white line separation were each assigned 1 of 3 severities: mild, moderate, or severe; the most severe lesion of each type present on each claw was recorded. Hemorrhage category definitions were mild: slight hemorrhagic discoloration; moderate: darker discoloration up to dark pink; or severe: profound, dark pink, red, or purple discoloration (Leach et al., 1997; Sogstad et al., 2007) . White line separation category definitions were mild: marks along the white line; moderate: deep, affected fissures; or severe: very deep, profound fissures with either involvement of the corium, purulent exudate, necrosis, granulation tissue, or separation of the wall (Sogstad et al., 2007) . Region of the foot was identified as recommended by the standard foot map (Greenough and Vermunt, 1991) , and digital dermatitis was classified according to the M-scale (Döpfer et al., 1997) including the M4.1 category .
Images taken of each claw at each AP were analyzed for lesions, according to the above scoring system, in the open-source platform Fiji (Schindelin et al., 2012) for the image analysis software ImageJ (Schneider et al., 2012) . A single independent observer was trained to use the lesion scoring system, after which they were tested for consistency by scoring a subset of the data set (25 images) on 2 consecutive days. Intra-observer agreement tests showed κ = 0.96 (CI: 0.90 to 1) for lesion identification, 0.83 (CI: 0.69 to 0.98) for identification of lesion and severity combined, and 0.93 (CI: 0.83 to 1) for identification of region, and was considered to be very good. The full data set (consisting of 1,569 foot-AP images) was then randomly ordered and scored, and images from every 50th AP throughout the study were included twice at random locations. The observer was blind to which images had been scored twice, and κ values between the 2 repeat scores were 0.76 (CI: 0.63 to 0.87) for lesion identification, 0.74 (CI: 0.66 to 0.83) for lesion and severity, and 0.66 (CI: 0.57 to 0.75) for region.
Statistical Analysis
Mixed effect logistic regression models were constructed to explore relationships between explanatory variables and either lesion (claw level, at an AP) or hind limb lameness (leg-level, at a locomotion score) outcomes. Fore limb lameness events were not considered in the analysis. All models were constructed in MLwiN 2.26 (Rasbash et al., 2009 ) using iterative generalized least squares algorithms and a forward stepwise procedure. These models equated to Cox proportional hazards models with random effects, as shown by Yang and Goldstein (2003) , and can be termed frailty models, time-to-event analyses, or survival analyses (Cox and Oakes, 1984; Goldstein, 2003) .
Survival Analyses to First Lesion Incident (Model 1). Models had the outcome "first lesion occurrence on a claw at an AP (yes or no)" and were constructed to test a variety of claw horn lesion outcomes, including either the presence of a specific CHDL (i.e., sole ulcer, severe sole hemorrhage, severe white line hemorrhage, or severe white line separation), or a combination of lesions. The model had 3 levels and took the following format: 
where Y ijk was the first incident of a lesion on a claw during the study period, at the ith claw-AP of the jth claw of the kth cow; π 1ijk was the probability of a first lesion being present at a claw-AP; α was the intercept; β1, β2, and β3 represent vectors of coefficients; X j , X ij , and X ijk represent fixed effects variables at the cow, claw, and claw-AP levels, respectively; and v k and u jk were random effects at the cow and claw levels (inclusion of the random effects allowed claws within cow, or repeated assessments of a single claw, to not be treated as independent, respectively). Cow level data were tested as in . A claw-level categorical variable distinguished between the lateral and medial claw. Days in milk was tested as the time variable up to the fourth power. Descriptors of back fat thickness and sole soft tissue thickness at sites 1, 2, and 3 from previous AP, including at specific previous AP, were lagged to explore whether prior thickness of any structure, change in thickness, minimum previous thickness, or thickness at any previous AP influenced the odds of a lesion incident. Biologically plausible interactions were tested. Descriptors of body condition score were not tested in the model because they were found to be unyielding by . Several similar models with different outcomes were tested to explore associations in different cohorts of animals [e.g., lactation 1 animals only because previous works have demonstrated differences in the content of the digital cushion (Räber et al., 2006) or the relationship between fat mobilization and lameness (Randall et al., 2015) in heifers] or where outcomes were taken at different AP. Initially, once the outcome had occurred on a claw, the claw remained in the model and the previous occurrence of a lesion was indicated using a dummy variable. However, previous occurrence of a lesion strongly predicted the occurrence of a lesion and the influence of other fixed effects became nonsignificant. Therefore, the outcome of the final models was the first incident of a lesion on a claw during the lactation, and subsequent claw records were excluded from the analyses.
Survival Analyses to First Lameness Events (Model 2). The model tested a first incident of lameness on a hind leg during the study period, measured by a locomotion score every 2 wk. Models were constructed to test a variety of lameness outcomes, where a lame event on a leg could be defined as a score ≥2A at a single locomotion score, or as either ≥2A or ≥2B at multiple consecutive locomotion scores. As with the lesion models, a lameness event strongly predicted future lameness; therefore, in the final models legs remained in the model until the first lameness event. Model 2 was tested with 3 levels and had the same structure as model 1, except where model terms represented different parameters, as follows: the outcome Y was either a lame or nonlame state at the ith locomotion score of the jth leg of the kth cow, π 1ijk was the probability of that leg being lame at that locomotion score, and v k and u jk were random effects at the cow and the leg levels. Cow-level explanatory variables were tested, as well as lagged back fat thickness and sole soft tissue thickness as for model 1. Sole soft tissue thicknesses on each claw and average sole soft tissue thickness across both claws on a leg were tested. The model was also constructed to assess time-to-event relationships between measures of sole soft tissue thickness and lameness.
The Wald test was applied to determine whether fixed effects were to be retained in a model (i.e., a variable was significant when the coefficient was ≥1.96 × SE; P ≤ 0.05). Goodness of fit for survival models was assessed using posterior predictions (Hosmer and Lemeshow, 1989) , with and without random effects. Residuals at higher levels were inspected to assess normality. Random effects were retained in the model if they improved model fit.
RESULTS
Overview of the Data Set
One hundred fifty-eight cows completed the entire study, having been assessed at all 5 AP and follow-up locomotion scores. Descriptive data on sole soft tissue thickness, back fat thickness, and lesion incidence were presented by ; in brief, back fat thickness at each AP (AP−8 to AP+29) was 18.9 mm (SD: 5.7 mm), 16.6 (5.9), 11.1 (5.0), 10.9 (5.3), and 13.3 (5.8), and sole soft tissue thickness at site 3 at each AP was 5.22 mm (SD: 0.91 mm), 4.68 (0.87), 4.89 (0.90), 5.02 (0.96), and 5.20 (0.97).
Lesion incidence data are displayed in Table 1 , demonstrating first and repeat lesion cases for parity 1 and parity >1 animals. Forty-seven sole ulcers were recorded throughout the study period, on 5 parity 1 and 33 parity >1 animals (some animals had >1 instance of the lesion recorded during the study period, including repeat cases or cases on a different claw, as detailed in Table 1 ). One hundred fifty-one cases of sole hemorrhage were recorded, affecting 34 parity 1 and 66 parity >1 animals. Seven cases of white line hemorrhage were observed in heifers and 11 in cows, whereas no white line separation cases were observed in heifers but 8 were observed in cows.
A total of 5,142 leg-locomotion scores of the hind legs were collected, and Figure 1 demonstrates the incidence of first leg lameness during the study period for locomotion score categories 2A, 2B, and 3A. Incidence of first 2A scores was highest during the first 30 d of lactation. Incidence of both first 2B and first 3A scores peaked at 120 to 150 DIM.
Survival Analyses of First Lesion Incidents
Overview of Final Lesion Models. The outcome for the lesion models was the first presence of either a sole ulcer or a severe sole hemorrhage on a claw (yes or no). Reported models were fixed-effects survival models and model fit was good; model fit deteriorated with the inclusion of random effects; therefore, random effects were omitted. Three final lesion models are presented (Table 2 ) exploring (1a) lesion incidents after calving, (1b) lesion incidents following change in sole soft tissue or back fat thickness (i.e., after 2 previous AP), or (1c) lesion incidents in heifers only, and are described below. Broadly, the presented models demonstrated that lesions (sole ulcer or severe sole hemorrhage) were more likely to occur on the lateral claw compared with the medial and on the claws of lactation 3 and 4 animals (models 1a and 1b). Thin sole soft tissue thickness at site 3 increased the likelihood of subsequent lesion incident on a claw. Thin sole soft tissues did not significantly increase the odds of any white line lesions, or sole hemorrhage lesions of mild or moderate severity. No difference was observed in lesion incidence between farms, except in parity 1 animals, where incidence was higher on farm 2 (model 1c).
Model 1a. The outcome for model 1a was first lesion incident (either a sole ulcer or severe sole hemorrhage) on a claw at any AP after calving; 2,255 claw assessments of 676 claws of 176 cows met the criteria for the model, of which first lesions were observed on 113 claws postcalving, of which 97 occurred on lateral claws. The minimum previously recorded sole soft tissue thickness on a claw (categorized by quartiles within lactation number and within claw, the bounds for which are presented in Table 3 ) was associated with the highest odds of developing a lesion: claws with sole soft tissue thickness within the thinnest quartile were at greater odds of experiencing a lesion than those within the thickest quartile (odds ratio: 4.20, CI: 2.0-9.0). In alternative models, other descriptors of sole soft tissue thickness were also significant; for example, a continuous term of sole soft tissue thickness demonstrated the same result: that thinner sole soft tissues at the previous AP were associated with increased odds of lesion presence (model not shown). Additional models demonstrated that thin sole soft tissues predisposed both sole hemorrhage and sole ulcer, independently (not displayed).
Model 1b. The outcome for model 1b was the presence of either a sole ulcer or sole hemorrhage at a claw assessment, where 2 previous assessments of sole soft tissue thickness and back fat thickness were available (i.e., outcomes were measured at AP+9, AP+17, or AP+29). The model consisted of 1,616 claw assessments of 624 claws of 167 animals, and 100 cases of the outcome lesion were identified. The odds of a lesion being present at the current AP increased with thin- 
3 (3) 8 (7) 0 (0) 0 (0) 3 (3) 6 (6) 0 (0) 0 (0) Parity >1 AP−8 6 (6) 12 (10) 3 (3) 4 (2) 6 (6) 12 (10) 3 (3) 4 (2) AP+1 4 (4) 8 (7) 1 (1) 3 (3) 3 (3) 8 (7) 1 (1) 2 (2) AP+9 5 (5) 20 (18) 1 (1) 1 (1) 4 (4) 16 (14) 1 (1) 0 (0) AP+17
13 (11) Minimum SST thickness beneath the flexor tuberosity across all previous AP, categorized by quartiles (low to high) within claw and within lactation number. Bounds are shown in Table 3 . 5 Coefficients represent the odds ratio related to a 1-mm difference in SST thickness. The SST thickness at 2-prev AP was positively correlated with this term and was significant in the model when this term was excluded; neither term was significant in the same model. 6 Mean (SD) of continuous variables in italics. 7 1-prev or 2-prev indicate continuous terms of a variable (SST or BFT) measured at either the previous AP, or the AP 2 previously. 8 Coefficients represent a 10-mm difference in BFT. 9 BFT at 2-prev was significant with an odds ratio <1 when BFT at 1-prev was excluded from the model. Not shown. ner sole soft tissue thickness at the previous AP (odds ratio: 1.7, CI: 1.3-2.7 for a 1-mm thinner sole soft tissue thickness); in a separate model, the odds of a lesion being present were also higher with thinner sole soft tissues at 2 AP previously, although the model is not shown. However, change in sole soft tissue thickness between AP did not influence the odds of a subsequent lesion incident in any models tested. Thin back fat at either of the 2 previous AP increased the odds of a lesion incident, yet when both terms of back fat thickness were included in the model, thicker back fat 2 AP previously increased the odds of a lesion incident (i.e., loss of back fat between AP also increased the odds of a lesion occurring). Model 1c. Model 1c used data from parity 1 animals only, and modeled 946 claw assessments postcalving of 262 claws of 66 heifers; a lesion occurred on 37 claws. Odds of lesion occurrence were higher on the lateral claw, on farm 2 (odds ratio: 3.4, 2.2-7.8), with thinner back fat thickness at the previous AP and with thinner sole soft tissue thickness at the previous AP. Some variables in the model were correlated: both back fat thickness and sole soft tissue thickness were thinner on farm 2. Change in back fat thickness did not predict lameness events in first lactation animals. (Models 2a and 2b) Overview of Final Lameness Models. The outcome for the lameness models was the first lame event (as measured by locomotion score) on a leg, which was defined as 2 locomotion scores of >1 within 3 consecutive locomotion scores every 2 wk that included at least one ≥2A and at least one ≥2B, versus a nonlame event. Including leg-locomotion scores up until first leg lameness, the data set consisted of 3,946 scores from 346 legs of 173 cows; 110 legs became lame between calving and 245 DIM. Two final models are presented (models 2a and 2b, Table 4 ), and both found that thin sole soft tissue thickness at site 3 on the lateral claw increased the odds of a leg becoming lame. Sole soft tissue thickness on the medial claw had no bearing on lameness incidents in any model.
Survival Analyses of First Lameness Events, Measured by Locomotion Score
Models were tested where the definition of the lameness as the outcome was different, for example when a lame event was defined as 2 consecutive locomotion scores >1. Similar associations between sole soft tissue thickness or back fat thickness and lameness were observed (i.e., thin sole soft tissue thickness increased the odds of lameness at future locomotion scores).
Model 2a. The outcome for model 2a was a lame or nonlame event at any locomotion score between calving and 245 DIM. The data set consisted of all 3,946 leglocomotion scores and a cow-level random effect was included. Model 2a demonstrated that if a leg had a sole soft tissue thickness on the lateral claw at AP−8 of 1 mm thinner, it was at higher odds of becoming lame at each locomotion score (odds ratio: 1.4, 1.1-1.8) .
The likelihood of lameness also increased with lactation number. The random effect, which improved model fit, suggested that if a cow went lame on one hind leg, the other hind leg was at increased risk of lameness compared with the legs of cows that experienced lameness on neither hind leg.
Model 2b. The outcome for model 2b was a lame or nonlame event within 90 to 150 d following an AP. Model fit was poor when parity 1 animals were included; therefore, the model was based on data from parity >1 animals only, and the data set included 1,778 lameness assessments of 178 legs of 100 parity >1 animals; 55 legs experienced a first lameness event during that lactation within this period. Model 2b is a fixed effects model as model fit deteriorated with the inclusion of random effects. Cows in lactations 3 and 4 were more likely to go lame than those in lactation 2. Legs with sole soft tissue thickness on the lateral claw of 1 mm thinner during the period 90 to 150 d before a locomotion score were at increased the odds of being scored lame at that locomotion score (odds ratio: 1.7, CI: 1.2 to 2.3). Days in milk was retained in the model. Back fat thickness had no additional effect on the effect of sole soft tissue thickness. When the model was reconstructed to include assessments within the 30 to 90 d after calving, having a thinner sole soft tissue thickness during the 30 to 90 d before a locomotion score did not increase the odds of lameness.
DISCUSSION
These analyses found that a thin sole soft tissue thickness increased the likelihood of future lameness and CHDL incidents, yet a reduction in sole soft tissue thickness did not. One possible reason for thin sole soft tissues is a depletion of body fat, leading to thinning of the digital cushion (Bicalho et al., 2009) . Model 1b found an additional effect of loss of back fat on lesion incidents to thinness of the sole soft tissues, suggesting that back fat thickness and sole soft tissue thickness had independent effects on lesion occurrence. To address the null hypothesis, change in thickness of the sole soft tissues did not increase either the risk of lesion or lameness occurrence.
Thin sole soft tissues increased the likelihood of either a sole ulcer or a sole hemorrhage occurring at future AP; the increased risk of sole hemorrhage with thin sole soft tissues has not previously been reported. The link appears plausible as sole hemorrhage and sole ulcer appear to be different stages of the same disease process, whereby insufficient impact absorption and insufficient force dissipation through the support structures of the foot result in inappropriately great forces being applied to the germinal epithelium that produces the sole horn, leading to vascular impairment and disruption of keratogenesis and ultimately manifesting as hemorrhage and ulceration (Nuss, 2014) . The work adds to evidence that the 2 lesions are part of the same disease process, and therefore the 2 lesions may share similar control measures.
Thin sole soft tissue thickness increased the risk of both subsequent lameness events and lesion occurrence. found that back fat thickness did Table 4 . Survival analyses to first lameness incident (defined as 1 locomotion score of ≥2A and 1 of ≥2B on a leg over 3 consecutive locomotion scores) at locomotion scores postcalving (model 2a) and using data collected within 90 to 150 d before a locomotion score in parity >1 animals (model 2b) during a longitudinal study of sole soft tissue (SST) thickness 1,2 Mean (SD) of continuous variables indicated in italics.
7
SST thickness at site 3 (beneath the flexor tuberosity) on the lateral claw during 90 to 150 d before the locomotion score. When locomotion scores were tested 30 to 90 d following a SST measurement, thin SST did not significantly increase the odds of lameness (P = 0.13).
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Journal of Dairy Science Vol. 100 No. 6, 2017 not explain much variation in sole soft tissue thickness throughout lactation in the same data set; therefore, it is reasonable to assume that the sole soft tissues were thin for reasons over and above that of mobilization of body fat alone. Other possible reasons for the sole soft tissues being thin could include (1) differences in digital cushion development in early life (Gard et al., 2015) , (2) previous lameness, which could cause damage and changes to the digital cushion (Lischer et al., 2002) , or (3) laxity in the suspensory apparatus. The third possibility encapsulates a poorly understood area of bovine anatomy and physiology and is explored further below. Factors influencing the suspensory apparatus of the distal phalanx in the development of CHDL have been considered for decades (e.g., Greenough et al., 1981; Vermunt and Greenough, 1994) . Evidence suggests that the integrity of the suspensory apparatus is implicated in the aetiopathogenesis of CHDL; for example, parturition has a profound effect (Tarlton et al., 2002; Knott et al., 2007) , likely causing the distal phalanx to sit lower within the hoof capsule . This could explain why lesion incidence peaks within the first few months of lactation, following the initial insult to the germinal epithelium. Historically, subacute ruminal acidosis has also been thought to weaken the suspensory apparatus through laminitis, yet this theory has been disregarded by many researchers as the primary cause of most CHDL (Mulling and Greenough, 2006; Vermunt, 2007; Bicalho and Oikonomou, 2013) . In equine lameness, recent advances in laminitis research have identified multiple pathogenic mechanisms behind the disease process (Katz and Bailey, 2012) , and in one mechanism hyperinsulinemia affects the integrity of the suspensory apparatus in vivo, causing noninflammatory changes in and distension of laminar morphology; the term laminitis is even being replaced with laminopathy to reflect noninflammatory changes within the laminae early in the disease process. This occurs in the absence of gastrointestinal involvement, systemic illness, or inflammatory infiltration into laminae (Asplin et al., 2007) , and carbohydrate overload appears not to be implicated in all equine laminitis mechanisms (de Laat et al., 2010 (de Laat et al., , 2012 Selim et al., 2015) . In cattle, disruption to laminar morphology has been described following oligofructose overload in the absence of inflammatory infiltration (Thoefner et al., 2005; Danscher et al., 2010) , which could indicate that a noninflammatory pathologic process is occurring. Findings of suggest that laxity of the suspensory apparatus might be a function of physiologic state and it remains possible that insulin could be implicated in laminar alterations in cattle, too. Laminar pathology caused by mechanisms that have not yet been identified might underlie CHDL in cattle and this could be a pertinent area for future research.
Previous epidemiological research has found that both being thin and loss of body condition are risk factors for lameness and CHDL incidence (Green et al., 2014; Lim et al., 2015; Randall et al., 2015) . One proposed explanation is that mobilization of adipose from the digital cushion decreases its force-dissipating capacity and leads to contusions within the germinal epithelium of the sole (Bicalho et al., 2009) . The current study found that although thin sole soft tissues increased the risk of lameness and lesion occurrence, and although loss of back fat increased the risk of lesions, thinning of the sole soft tissues barely occurred with loss of back fat and thinning of the sole soft tissues did not increase the risk of lameness or lesions. This illustrates that an effect of body condition loss on lameness through the mechanism of thinning of the digital cushion was, if present, too small to be detected in the current study.
A key hypothesis that remains unaddressed is whether manipulation of body condition loss can reduce lameness incidence. High-producing cows undergo body condition loss in early lactation (Waltner et al., 1993) . This is partly an effect of genotype, whereby body fats are mobilized to provide feed for the neonate through a homeorhetic process (in part, mediated by insulin resistance). Higher producing cows have higher levels of insulin resistance (Chagas et al., 2009 ) and consequently mobilize greater amounts of body fat and lose more condition (Smith and McNamara, 1990; Roche et al., 2006; Kay et al., 2009) . Claw horn disruption lesion is known to be a disease of higher producing cows (Amory et al., 2008; Bicalho et al., 2008) , and as such, the link between body condition loss and CHDL may not be causal, but both could be predisposed by another common factor, such as genotype. Even small losses in body condition can increase the risk of lameness (Lim et al., 2015; Randall et al., 2015) and these losses could be part of the homeorhetic process that is not affected by caloric intake, which may be unpreventable ). However, genetic selection to improve energy reserve management is possible and has wide-reaching benefits for health and productivity of the dairy cow (Banos and Coffey, 2010; Bastin et al., 2012) . Further work should assess whether minimizing body condition loss during early lactation reduces lameness incidence and serves as a realistic control point for lameness.
Previous work found that having thin sole soft tissues increased the likelihood of sole ulcer and white line disease, when the lesions were used as a combined outcome, where 114 cases of sole ulcer and 26 cases of white line disease were recorded (Machado et al., 2011) .
The current work did not detect an increased risk of white line lesions with thin sole soft tissues, although a very low incidence of white line lesions occurred and our work may have lacked power to detect differences with sole soft tissue thickness. Furthermore, sole soft tissue thickness was not measured in the region of the white line. It remains possible that the digital cushion and other force-dissipating structures of the foot play a role in the pathogenesis of white line lesions (Machado et al., 2011; .
In previous works and in the current study, thin sole soft tissue thickness increased the risk of lameness. The sole soft tissues could have been thin as a result of trauma during previous CHDL that might have caused thinning (Lischer et al., 2002) , rather than the sole soft tissues being thin for a physiological reason. However, it is not clear whether the thin digital cushion around calving that influenced future lameness was a result of prior lameness found at least an effect of calving on sole soft tissue thickness], and despite possible effects of prior lesion occurrence on sole soft tissue thickness, important results were still observed in this work. Additionally, thin sole soft tissues increased the likelihood of lesion occurrence in heifers too; it could be assumed that lesions in heifers were first significant lifetime lesions; therefore, these animals could have had little or no disruption to digital cushion architecture before first lameness. Another hypothesis that further work could explore is whether acute failure of the suspensory apparatus, for whatever reason, causes thinning of the sole soft tissues and CHDL.
CONCLUSIONS
In this study, thin sole soft tissue thickness predisposed lameness and lesions later in lactation, whereas thinning of sole soft tissue thickness did not influence the likelihood of future lameness or lesion occurrence. Many variables could have contributed toward a thin digital cushion, including measures of back fat, factors that influence the suspensory apparatus of the hoof such as calving or laminar pathology, or prior lameness. In addition to many extrinsic risk factors, lameness appears to be predisposed by intrinsic factors too, including poorly understood physiological mechanisms, which could incorporate insulin resistance and body condition loss, and remains an area where much knowledge is to be gained.
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